Analysis of the acoustic signature produced by truncated ideal contour and thrust-optimized parabolic nozzles is conducted during both fixed and transient (startup) operations. The truncated ideal contour nozzle experiences freeshock separation flow, whereas the thrust-optimized parabolic nozzle experiences both free-shock separation and restricted-shock separation flow states during startup. This study provides a direct comparison of the acoustic signature produced during free-shock separation and restricted-shock separation flow states while operating under identical nozzle pressure ratios. During a transient episode, the continuous wavelet transform is used to compare the acoustic signatures produced by the nozzles. The truncated ideal contour nozzle demonstrates a gradual increase in broadband frequency energy with increasing nozzle pressure ratio and with broadband shock noise appearing at higher nozzle pressure ratios. The thrust-optimized parabolic nozzle, however, displays a much larger sensitivity to the nozzle pressure ratio. In particular, the free-shock separation to restricted-shock separation transition, which occurs around nozzle pressure ratio 24.4, is weakly revealed in the acoustic signature along sideline angles to the nozzle. At nozzle pressure ratio 13, the acoustic signal observed at shallow angles to the nozzle decreases abruptly across a broad range of frequencies. The latter phenomenon is attributed to the formation of an open-ended subsonic core surrounded by a supersonic annular flow in the thrust-optimized parabolic nozzle during free-shock separation operations of the nozzle, which does not occur in the truncated ideal contour nozzle. 
M ANY large liquid propellant engines make use of a thrustoptimized parabolic (TOP) contour due to its high reliability and performance characteristics (thrust-to-weight ratio). This design is also versatile enough to operate under a broad range of altitudes during ascent. However, as the nozzle pressure ratio (ratio of total pressure over ambient pressure; denoted NPR) increases during startup, the internal flow and shock structures evolve rapidly as the flow moves through the TOP nozzle before flowing full. In particular, the internal flow transitions from a free-shock separation (FSS) state to a restricted shock separation (RSS) state, as illustrated in Fig. 1 from Baars et al. [1] . A number of events during this transient startup period produce off axis loads that act on the nozzle wall such as shock foot asymmetries during FSS operation, FSS → RSS and RSS → FSS transitions, pulsations of shocks, and separation bubbles during the RSS state as well as the "end-effects regime" [2] [3] [4] [5] .
Aside from the loads induced by the internal flow and shock structures, the fluctuating turbulence in the mixing regions of the exhaust flow can produce violent vibroacoustic loads in both the near-and far-field regions of the rocket nozzle. Rocket plumes, and supersonic jets for that matter, are known to comprise several distinct sound generation mechanisms [6] , including 1) turbulent mixing noise [7, 8] , 2) broadband shock noise (BBSN) [9] [10] [11] , 3) screech tones [12] [13] [14] , and 4) transonic resonance [15] , each of which contributes differently depending on the operating condition of the nozzle and the internal flow state (FSS or RSS). The effect of vibroacoustic loads on nearby structures from full flowing nozzles was considered early on during development of both the Saturn Vand space shuttle programs. In particular, Eldred [16] outlined both testing and analysis guidelines for predicting (empirically) the sound power, directivity, and power spectral density based on a moving rocket model originally proposed by Wilhold et al. [17] . More recently the far-field noise produced by the Scout and Titan program rockets were studied by McInerny and Ölçmen [18] , whereas predictions of the acoustic loads in the vicinity of the mobile launch pad produced by the Ares I rocket were proposed by Plotkin et al. [19] . A sample set of load (acceleration) and acoustic (near-field microphone) data acquired during the startup of several large liquid propellant rocket engines is shown in Fig. 2 , demonstrating the rapid increase in vibroacoustic loading during this short period of time.
A number of shortcomings continue to reside when it comes to our understanding of the vibroacoustic loads generated by the rocket plume from large area-ratio nozzles. Foremost, full-scale testing of these nozzles has been restricted to the transient (startup) operations of solid rocket boosters either mounted parallel to the ground [20] (in which uneven terrain and severe ground reflections produce conditions that differ from those found in the terrestrial environment of the launch pad) or during launch [18, 21, 22] (in which the jet plume shape is changing with altitude, as well as its position relative to the microphone observer) and without a full recording of atmospheric conditions (temperature, humidity, and atmospheric boundary layer effects). The violent nature of these full-scale tests also restricts the ability to accurately characterize the internal flow and far-field acoustics simultaneously; there is a limited understanding of the role that different operating states of the nozzle (FSS, RSS) plays in the acoustic signature perceived in regions both near and far from the nozzle; the internal state of the flow can have a profound influence on the shape of the jet plume in which the prominent sources of noise are known to reside. Second, where laboratory-scale studies are concerned, few facilities are capable of producing the required plenum pressure to test high-gas dynamic Mach number flows (more typical of rocket engines) in an acoustically treated environment. That is, most aeroacoustic test facilities are designed with the intentions of studying either commercial or military engine configurations, given the continued demand for quieter operating aircraft. And so, there exists a large gap in our understanding of the acoustic signature produced by large area-ratio nozzles operating under transient conditions and in an acoustically treated environment in which atmospheric conditions and the internal flow state of the nozzle can be accurately monitored.
The research discussed here is twofold. We first focus on a careful mapping of the static wall pressure and far-field acoustics (both shallow and steep angle observer positions) of two subscale rocket nozzles, including 1) a truncated ideal contour (TIC) and 2) a thrustoptimized parabolic contour, using the fully anechoic chamber at The University of Texas at Austin. As TIC nozzles exhibit only FSS states, the study provides an opportunity to directly compare the acoustic performance between FSS and RSS states of the flow under identical NPRs. Both test articles are examined during fixed (constant NPRs) and transient (startup to near full-flowing conditions ¶ ) operations of the nozzles, from which there are several benefits. Fixed operations of the nozzle provide a glimpse into the various sources of a) b) Fig. 1 a) FSS and b) RSS states of the internal flow in a TOP nozzle taken from [1] . Fig. 2 Nozzle pressure ratios during a staggered startup of three large liquid propellant rocket engines alongside microphone and accelerometer data (arbitrarily scaled). ¶ Full flowing corresponds to the condition when the internal flow structure is no longer changing with increasing back pressure; the incipient separation point has reached the nozzle lip.
noise that might be expected to occur during transient operations. Surveys of the far-field pressure are then examined during a transient episode to develop an understanding of the differences between fixed and transient operations. An investigation of transient conditions is driven by the recent study of Baars et al. [23] , which focused on the effect of ramp rate on the dynamic wall pressure in a TOP nozzle. This is particularly important as lightweight structures situated in the immediate vicinity of the nozzle and launch pad are rarely exposed to the types of excitations described by fixed operations but rather short bursts of energy.
II. Experimental Description

A. Facility
All measurements were conducted in a fully anechoic chamber and open jet wind tunnel located at The University of Texas at Austin. A plan view of this facility is shown in Fig. 3 and allows reduced-scale rocket nozzles to be tested in an acoustically treated environment and in the absence of an ejector diffuser. Interior dimensions of the chamber (wedge tip to wedge tip) are 5.74length × 4.52width × 3.66 mheight and comprise acoustic wedges with a normal incident absorption coefficient of 99% above 100 Hz. Rocket plumes exhaust through a 1.83 m 2 acoustically treated duct and with the assistance of a vane axial fan. The vane axial fan reduces recirculating airflow patterns from developing inside the chamber [24] and was operated at a volume flow rate of 10 to 40% of the volume flow rate produced by the nozzle flows.
A nozzle test rig is installed at the center of the anechoic chamber and along the centerline of the wind tunnel. Nozzle pressure ratios are regulated using a pneumatically actuated control valve governed by a LabVIEW algorithm. Total plenum p ∘ and ambient p ∞ pressures were acquired using 0-69 bar (g) (0-1000 psig) and 660-813 mmHg (26-32 inHg) transducers, respectively, each comprising 0.05% full-scale accuracies. A sample set of data for a test at NPR 30 is shown in Fig. 4 . Static test conditions for these open-loop controlled tests are shown in Table 1 with variations in the NPR set point never exceeding 4.6%. Ambient pressure inside the anechoic chamber would naturally drop whenever a sufficiently large enough flow was being exhausted out of the nozzle. Although it never fell below 99% of the ambient pressure outside of the anechoic chamber for the highest NPR of 50, both the nozzle total pressure and ambient pressure inside the anechoic chamber were recorded and used as inputs to control the valve. Likewise, relative humidity (% RH) and ambient temperature T ∞ in the anechoic chamber were recorded alongside total temperature T ∘ and total pressure in the nozzle plenum during each run.
B. Nozzle Test Articles
The two test articles studied comprised a TIC and TOP internal contour and were chosen to replicate full-scale liquid propellant engines; the contours of these two nozzles are shown in Fig. 5a . Standard geometric properties are illustrated in Fig. 5b with specific values provided in Table 2 . The design exit Mach number M e that is Fig. 3 Plan view of the fully anechoic chamber and high-speed jet lab at The University of Texas at Austin (to scale). expected to occur when the nozzle flows full is also identified. The resultant geometric scale factor of these test articles, when compared to typical full-scale liquid propellant engines, is greater than 1∕20, therefore providing the necessary bandwidth for accurate assessment of rocket engine noise [16] .
The contour of the supersonic wall of the TIC nozzle was determined using an ideal nozzle contour design tool that generates x − r contours with a fine enough resolution to facilitate computational fluid dynamics grid generation. This TIC nozzle length is 79% of an equivalent area ratio, 15 deg conical nozzle; 80% is a fairly standard truncation for ideal contour nozzles following Rao [25] . As for the TOP nozzle supersonic contour, this was designed using a skewed parabola in order to simulate the internal flow of a full-scale rocket engine experiencing FSS → RSS transition. An important feature of this TOP contour is its ability to match various size and/or performance parameters of the truncated TIC nozzle. This enables vibroacoustic loads to be measured with (TOP contour) and without (TIC contour) RSS states in the flow. Aside from the supersonic wall contour, all other parameters were the same for the TIC and TOP nozzles. This can be seen in Table 2 , in which superscript and subscript e denote throat and exit plane parameters, respectively, and A e ∕A is the exit-to-throat area ratio. The design NPR is 970 based on area ratio and the operating temperatures displayed in Table 1 . An illustration of the nozzle test stand located in The University of Texas at Austin chamber is shown in Fig. 6 . A thorough description of these two nozzles is provided by Ruf et al. [5] .
C. Nozzle Operating Conditions
Reasonable estimates of the nozzle operating conditions were obtained using quasi-one-dimensional (1-D) isentropic compressible flow equations for unheated air (γ 1.4 and R 287.05 J∕kg · K −1 and are shown in Table 3 . Given that the TIC and TOP nozzles comprise identical area ratios, these numbers will be identical for both nozzles. Here, the gas dynamic Mach number (M j U j ∕a j ), the acoustic Mach number (M a U j ∕a ∞ ), and the Oertel convective Mach number [M co U j 0.5a j ∕a j a ∞ ] have been displayed alongside density ratios and sound speed ratios that one would expect for a perfectly expanded flow. The significance of the Oertel Mach number is that it indicates the presence and significance of Mach waves, which give rise to nonlinearities in the acoustic waveform. That is, for M co > 1, Mach waves are expected to be fully developed, which is shown to be the case for all conditions tested. As for the Mach wave radiation angle, this is computed using ϕ cos −1 a ∞ ∕U c and assumes a convective speed of (U c 0.8U j ) based on the work of McLaughlin et al. [26] .
It is known that the location of most intense sound generation (L p x p ∕D j ) by a supersonic jet resides in the transition region located between the end of the potential core and the supersonic tip [27] . Because the positions of these regions in the flow were not measured directly, we estimate them based on the empirical relations of Nagamatsu and Horvay [28] and Varnier [29] . This is necessary in order to relate the angular position of the microphones to the source regions of the flow; microphone locations are provided following this discussion. Here, the supersonic length is obtained by using L ss x ss ∕D j 5.0M 1.8 j 0.8 from which the region of most intense sound generation is determined from L ss ∕L p ≈ M 0.85 j . The resulting values are listed in Table 3 and illustrated in Fig. 3 in which they are denoted a) through d) for source locations based on NPR 25 through NPR 50, respectively, and are confined to a small region centered in the chamber. These locations are estimated using the isentropic flow properties provided in Table 3 and with exit diameters D j based on area ratios for perfectly expanded flow. It is worth mentioning that D j is synonymous with the so-called effective size of a fully expanded jet flow described by Tam and Tanna [11] . The region along which the peak overall sound pressure level (OASPL) is expected to reside is shown in Fig. 3 by the hatched area emanating outward from the source field. The angles are based on the Mach wave radiation angle and reside between microphones 1 and 2 for all operating conditions. Likewise, the average Mach wave angle emanating from the nozzle exit plane is identified as ϕ in Fig. 3 and shows that microphone 2 is on the outer edges of the region in which turbulence mixing noise (from Mach waves) is expected to dominate [7] .
Predicting the acoustic power L W of a rocket nozzle is straightforward if one has measured the sound pressure along a densely populated hemisphere surrounding the nozzle and jet plume. This is not the case here. An alternative approach is to consider the acoustic efficiency η of the nozzle relative to its mechanical power W M [16, 30] [29] , which includes both kinetic and potential energies of the exhaust gas. As for the acoustic efficiency, Sutherland [31] used aerodynamic flow properties to show that
Here, a is the sonic velocity at the nozzle throat, C v is a nozzle velocity coefficient valued at 0.98, and K is a variable constant taken from Lighthill's model, which has been shown to be 0.0012 [31] .
Estimates for the acoustic power produced by these nozzles are shown in Table 4 by combining Eqs. (1) and (2) with values displayed in Table 3 . The thrust F produced by these nozzles is also provided. The most significant drawback to Sutherland's approach is that it assumes the mass flow to be constant from the nozzle exit to the supersonic tip; the mass flow is known to increase approximately linearly with axial distance from the jet exit. Further, Eq. (2) is difficult to predict for high-temperature rockets, in which the exhaust gas cannot be explained entirely using ideal gas properties.
D. Instrumentation
The two primary instruments used in this study comprised a static wall pressure sensing system and four 1∕4 in: pressure-field microphones. Surveys of the static wall pressure provide a reasonable picture of the various shock states that form on the inside of the nozzle and were performed using two Scanivalve DSA3218 gas pressure scanners. Each scanner incorporates sixteen temperature compensated piezoresistive pressure sensors with a range of 0 to 345 kPa (absolute) (0-50 psia) (0.05% full-scale accuracy) that can be digitized at a maximum sampling frequency of 500 samples∕channel∕s using 16 bit A/D converters. This allowed all 32 ports on each nozzle to be sampled during each run.
As for the acoustics, pressure-field microphones were selected and placed at grazing incidence to the jet axis. The microphones selected are IEPE-powered, Larson Davis (PCB Piezotronics) 1∕4 in:
pressure-field microphones (model 377B10) with matching preamplifiers (model 426B03). Specific details about the microphones include a 1 mV∕Pa sensitivity, a frequency response range from 4 to 100 kHz (1 dB error up to 20 kHz) and a 170 dB (ref: 20 μPa) dynamic range. Signal conditioning and digitization of these microphones is provided using a National Instruments PXI-1042Q system embedded with an eight-channel PXI-4472 dynamic signal acquisition board capable of scanning all available channels simultaneously at a rate of 102.4 kHz uninterrupted with 24 bit resolution. Each channel is equipped with its own antialiasing filter (filter roll off occurs at 0.84 of the Nyquist frequency) and is capable of providing the IEPE-conditioned power required to operate prepolarized constant current transducers. For each steady-state setpoint condition, a minimum of 5.73 s of uninterrupted data was acquired at a rate of 100 kHz and used to estimate one-sided power spectral densities [G pp Figure 3 depicts the position of each microphone in the chamber, labeled 1 through 4. Here, we have chosen to place the origin of the coordinate system at the plenum face that the nozzles are bolted to. Therefore, the streamwise (x) position of the four microphones relative to this origin is (starting with microphone 1) x 4.17; 2.54; 1.63; 0.91 m at an axis-normal distance of r 2.21 m, respectively. This corresponds to far-field observer angles relative to the jet axis and plenum face of θ 28; 41; 54; 68 deg, respectively. According to our estimates of ϕ and L p in Table 3 and Fig. 3 , the placement of these microphones covers both shallow and steep angle observer locations, which would allow the significant acoustic features of these rocket nozzles to be studied.
III. Static Results
A. Static Wall Pressure
Static wall pressure profiles for the four fixed NPR values between 25 and 50 are shown in Fig. 7 for both nozzles, alongside estimates using a two-dimensional method of characteristics solver (denoted MoC), approximations using quasi-1-D isentropic compressible flow equations (denoted isentropic), as well as calculations from a Reynolds-averaged Navier-Stokes (RANS) model (identified as filled circles). Here, it is shown that the MoC solver provides good predictions of the wall pressures in both nozzles. The TIC nozzle demonstrates FSS flow throughout all operating conditions, which is expected for this type of wall contour. By contrast, the TOP nozzle exhibits RSS flow for NPRs of 25 or greater. An FSS → RSS transition was found to occur at NPR 24.4 for the TOP nozzle during a relatively slow ramp rate of dNPR∕dt 5 s −1** . This is at a lower value than what has been observed elsewhere [5] and is partially attributed to the lack of an ejector diffuser in the immediate vicinity of the nozzle exit. As for the RANS calculation, the LociChem code [32, 33] was used to calculate the TIC and TOP nozzle flows at multiple NPRs using axisymmetric, steady-state analysis with cold flowing conditions (only the solutions for NPR 30 and 28 are shown for the TIC and TOP nozzles in Figs. 7a and 7b , respectively). The Menter "baseline" turbulence model [34] was implemented, which encompasses a blending of the k-ϵ and k-ω models, as well as Sarkar and Lakshmanan's compressibility correction [35] . In Fig. 7a , the RANS calculated static wall pressures for the TIC nozzle at NPR 30 are shown to agree well with the measurements at NPR 30. For the TOP nozzle, however, a better match between the NPR 30 measurement and the RANS calculation at NPR 28 was achieved, as is shown in Fig. 7b . Aside from the small discrepancy in the matching case for the TOP nozzle, the reasonably good agreement in the FSS and RSS pressure profiles demonstrates how the RANS calculation has qualitatively captured the principal features of these nozzle flows at various operating conditions. These RANS calculations will be useful in the subsequent discussion in which the acoustics produced during transient operations of these nozzles, as they relate to the overall topography of the resultant flows, are scrutinized.
B. Far-Field Acoustics 1. Power Spectral Densities
One-sided power spectral densities of the far-field pressure from all four microphones are presented in Fig. 8 for both nozzles and all four static conditions. Different microphone observers have been shifted by 30 dB with a line identifying the 90 dB mark for reference. Figure 8a reveals the two essential features that are typical of imperfectly expanded supersonic jets. That is, BBSN from the constructive interference of turbulence-shock interactions [36] [37] [38] and turbulent mixing noise from Mach waves [1, 6] . BBSN signatures are expected to dominate over turbulent mixing noise at steep angles due to the weak convective amplification for mixing noise in this direction. This is most evident by the stark differences in the spectral shapes between microphone 1 and microphones 2, 3, and 4, which lends support to the estimates for ϕ and the location of the dominant source region illustrated in Fig. 3 . As for the BBSN signature in microphones 3 and 4, two observations are made. The first is the decrease in the peak frequency with increasing θ for a given NPR condition, whereas the second is a decrease in the peak frequency with increasing NPR for a given stationary observer. Our first observation is caused by a Doppler shift factor based on the convective gas dynamic Mach number of the flow [36] . This is identified by arrows in Fig. 8a , which depict a drop in the peak frequency between microphones 3 and 4 for a given NPR. Where our second observation is concerned, the decay in the peak BBSN frequency with increasing NPR is experimental evidence that the peak wavelength of BBSN is equivalent to the length of the shock cell. As NPR increases, so does the size of the cellular shock pattern.
Despite these observations, many of the working models that have been developed to predict the behavior of BBSN are confined to low values of the shock parameter β M 2 j − 1 0.5 , in which it has been shown to scale with I ∝ β 4 for 0.5 < β < 1.2 by Harper-Bourne and Fisher [37] or with I ∝ β 4.2 for 0.2 < β < 2.0 by Kandula [38] . The failure of this scaling to exhibit a linear relationship at higher values of β is known to be caused by the large portion of subsonic flow that forms downstream of the Mach disk. Here, we observe values for β that range from 2.56 to 3.05 for NPRs of 25 and 50, respectively, and so, the intensity and the predictive models for BBSN [9, 11, 36, 37, 39] are not expected to scale accordingly.
Where power spectral densities of the TOP nozzle are concerned, Fig. 8b shows very different trends than the TIC nozzle. The higher frequencies at the steep angle observer locations are more pronounced, whereas the turbulent mixing noise, that one would expect to find at shallow angles, is much less significant. Tones are shown to form at higher NPR conditions with a fundamental around 3.5 kHz at NPR 40 and 3.0 kHz at NPR 50. Without having measured the flow, and given the sparseness of the fixed operating conditions (in terms of NPR), it is difficult to determine if these tones are the consequence of screech or transonic resonance [15] . Therefore, both possibilities are considered here. Where screech is concerned, it has been shown [13] that the shock cell spacing, s U c ∕f1 M c , can be determined from the fundamental frequency of the screech tone, in which M c is the convective Mach number (U c ∕a ∞ ) of the hydrodynamic disturbance. The resultant shock cell spacings are estimated to be 5.80 and 6.82 cm for the TOP nozzle operating at NPRs 40 and 50, respectively. The relatively short spacing is anticipated, given the highly overexpanded state of this nozzle under these operating conditions and the detached supersonic shock cell structure that forms during RSS operations of the TOP nozzle. On the contrary, Baars and Tinney [40] have shown how these tones may be caused by transonic resonance: emission of acoustic tones by flow resonance that forms within the divergent section of highly overexpanded nozzles [15] . The fundamental tone forms from onequarter of the standing wave pattern or any of its odd harmonics. In this case, the first odd harmonic is estimated to be 2868 Hz at NPR 50, which is reasonably close to the first large peak observed in Fig. 8b . Although transonic resonance and screech tones increase and decrease, respectively, with increasing NPR, it is plausible that the tones observed in Fig. 8 are a consequence of both uniquely different mechanisms [41] . Nevertheless, these tones are not expected to form during transient (startup) operations of the nozzle, as will be shown later. Fig. 7 Static wall pressure profiles of the a) TIC and b) TOP nozzles during steady operations.
Overall Sound Pressure Level
Overall sound pressure levels are shown in Fig. 9 for both test articles operating under fixed operating conditions. Without knowing the propagation path accurately, these sounds levels could not be extrapolated to a constant radial distance from the nozzle exit [7] . Comparing the OASPL at low NPR values reveals how the TIC nozzle (always operating in a FSS state) produces more sound energy than the TOP nozzle (operating in only RSS states at the NPRs considered here). It is postulated that the RSS flow state reveals itself through a relatively higher acoustic impedance due to a broadening of the jet flow downstream of the nozzle exit; depending on the jet exit velocity, the sound intensity can vary anywhere between I ∝ U 3 j and I ∝ U 8 j [42] [43] [44] . This source field is then less compact, therefore resulting in reduced overall sound levels, assuming similar total power. Evidence of this will be demonstrated later when evaluating the acoustic signature of the two nozzles during startup periods.
When compared to the sound power estimate in Table 4 , the relatively smooth increase in sound intensity is more consistent for the TIC nozzle than for the TOP.
IV. Time-Frequency Analyses
During Transient Operations
A. Test Conditions
With the static wall pressure and far-field acoustics during steady operations of the nozzle having been described, we now turn our attention to a transient episode to further our understanding of the differences between the TIC and TOP nozzles and the differences between steady and transient (startup) operations. The operating conditions, described here in terms of NPR and dNPR/dt, are illustrated in Fig. 10 , in which they are shown to be quite repeatable.
a) b)
Fig. 8 One-sided power spectral densities of the far-field pressure from the a) TIC and b) TOP nozzles during fixed conditions. Fig. 9 Overall sound pressure levels of both nozzles during fixed operating conditions. Likewise, a contour of the static wall pressure of the TOP nozzle is shown in Fig. 11 during a slow ramp (approximately dNPR∕ dt ≈ 5 s −1 ) to aid with subsequent discussion. Maxima and minima in the wall pressure profiles reveal separation (x s ) and reattachment (x r ) lines [1] , which are visualized in Fig. 11c . The NPR values at the top identify when the x s and x r lines are estimated to reach the nozzle lip. These features are complementary to Figs. 1 and 7 and highlight 1) isentropic expansion of the flow up to the point of incipient separation, 2) transition from FSS to RSS state around NPR 24.4, 3) the first annular separation bubble (hatched regions indicate separated flow) encompassing a partially reattached flow, and 4) several bounded annular separation bubbles that escape, one after another, during startup. When the first separation bubble opens up to ambient at NPR 48.5, it onsets the so-called end-effects regime; details can be found in the literature [3, 4, 40] .
B. Morlet Wavelet Transform
Time-frequency analyses are applied to the nonstationary acoustic pressure waveforms, corresponding to the nozzle startup, to decompose the signal in time-frequency space. A review of the application of wavelet transforms to study turbulence-related phenomena can be found in the work of Farge [45] . More details on the current implementation are outlined in the study of Baars and Tinney [40] . The transform is based on a temporal convolution of a mother wavelet ψt∕l with the acoustic pressure waveform pt to obtain the wavelet coefficientspl; t, following pl; t
The Morlet wavelet is chosen as the mother wavelet and is defined as ψt∕l e jω ψ t∕l e −jt∕lj 2 ∕2 where ω ψ 6. The parameter l identifies the scale (or frequency) of the wavelet, and the convolution in Eq. (3) is performed in the frequency domain at 80 different scales l, which are distributed logarithmically across the frequency range 100 Hz < f < f s ∕2. The energy density is then determined as follows:
and is known as the wavelet power spectrum (WPS). Before interpretation, the wavelet scale l is transformed to the equivalent Fourier frequency, i.e., El; t → Ef; t. One must realize that the choice of the Morlet wavelet results in a high-frequency resolution, but less temporal resolution, when compared to other conventional wavelets (Mexican hat or Paul's wavelet). This is important when interpreting the WPS at low frequencies; more details can be found in the work of Addison [46] . For the sake of brevity, the waveforms from only microphones 1 (shallow angle) and 4 (steep angle) are considered for the wavelet analyses. Albeit, the signatures registered at these locations were shown for the fixed NPR conditions (Fig. 8) to encompass all of the important features that are expected of rocket nozzles operating at off-design conditions. The WPS of microphone signals 1 and 4 during the nozzle startup transients (Fig. 10) of the TIC and TOP nozzles, are shown in Figs. 12 and 13 , respectively. Overlapping signal partitions of N 2 14 samples were transformed and with only those regions inside the cone of influence, for 100 Hz < f < f s ∕2, being presented here in a continuous fashion. The acoustic waveforms are shown below each WPS, along with a moving window average (2000 points) of the OASPL. Additional illustrations depicting the subsonic (gray scale) and supersonic (black) regions of the TIC and TOP nozzle flows, as calculated by the RANS model, are shown in Fig. 14 in order to aid with this discussion.
In Fig. 12a , the time-frequency sound pressure topography of the TIC nozzle displays a rather smooth increase of energy in the lower frequency bands and with no discernible tones. Higher frequencies centered around 1 kHz, dominate at lower NPRs (∼10), which progressively reduce to lower frequencies around 500 Hz at higher NPRs (40 to 50) due to turbulent mixing noise; this is compatible with the observations in Fig. 8a . Likewise, the Mach number contours of the TIC nozzle shown in Fig. 14 depict how the subsonic core, which forms immediately after the Mach disk, only extends downstream by a short distance before it is replaced entirely by the outer annular supersonic regions of the flow; this results in a circular supersonic jet for all NPRs. It is presumed that this fully supersonic jet forms strong Mach waves, which are highly directive. As for the sideline microphone observer illustrated in Fig. 12b , it is shown to experience a lower amplitude and much broader envelope of frequencies, with a broadband tone first appearing around NPR 33 (indicated by the white rectangle). This broadband tone decays in frequency from approximately 2 kHz at NPR 33 to 1.5 kHz at NPR 50 and is the consequence of broadband shock noise. The BBSN signature highlighted in Fig. 8b by the white rectangle is explored further in Fig. 15 in which temporal averages of the WPS are displayed for two short windows in time (ranging between NPR 33 and 34 and between NPR 49 and 50) and for one long window (ranging between NPR 30 and 50). Time-averaged wavelet spectra are estimated using a) b) c) Fig. 11 Representations of a) TOP nozzle contour and locations of the static pressure ports, b) contours of the static wall pressure p w ∕p ∞ as function of NPR during a slow start (dNPR∕dt ≈ 5 s −1 ), and c) illustration of the separation and reattachment lines based on Fig. 11b and the approximate NPRs at which these reach the nozzle lip, taken from Baars and Tinney [40] . Ef 1∕T∫ T Ef; t dt, where T corresponds to the length of time used in each window. And so, the decibel scale for
Ef that is required to compare to the one-sided power spectral densities displayed in Fig. 8 is simply GWSf 10 log 10 2
Ef∕ref, where ref is valued at 20 μPa 2 ∕Hz. The peak corresponding to BBSN is clearly evident here, as well as the shift in peak frequency between NPR 33 and NPR 50.
Concerning the OASPL in Fig. 12 , it is observed that the fixed NPR analyses slightly underpredict the transient behavior by a few decibels and for both microphone locations. Overall, the far-field acoustics produced by this TIC nozzle (always operating in FSS state) appears impartial to either transient or fixed operations. Similar observations regarding the effect of ramp rate on the shock foot unsteadiness during FSS flow states in a TOP nozzle were observed by Baars et al. [23] .
As for the TOP nozzle, spectral trends are shown to be largely different. In Fig. 13 , low NPRs manifest a lower frequency band centered around 1 kHz, which is similar to the kinds of signatures produced by the TIC nozzle at these NPRs. The TOP nozzle, however, expresses greater acoustic amplitudes than the TIC nozzle up until NPR 13, at which point the far-field signature for the TOP nozzle decays rapidly across all frequencies. Figure 14 demonstrates that, while both nozzles are in FSS flow states at NPR 11, the plume produced by the TOP nozzle is thicker and extends further downstream, which explains the greater abundance of noise produced by the TOP nozzle flow at these lower NPRs. Where the rapid drop in sound levels by the TOP nozzle at NPR 13 are concerned, Mach number contours, shown in Fig. 14 for the TOP nozzle operating at NPRs 11, 12, and 13, depict the key features responsible for this rapid drop in energy. Up until NPR 12, the jet plume encompasses a subsonic core that is completely enclosed by an annular supersonic flow. By NPR 13, the subsonic core is no longer entirely enclosed; the larger wall divergence angle (causing the TOP flow to separate from the wall further upstream than in the TIC) and the presence of the internal shock (induced by the parabolic contour) cause the jet and plume structure to advance from a circular supersonic flow to an annular supersonic flow surrounding an open-ended subsonic core. It is postulated that the speed at which this occurs is governed by the rate of change in NPR, unlike the FSS → RSS transition, which is driven by the stability of the incipient separation shock. The subsonic core, which forms immediately after the Mach disk, retains itself until the nozzle flows full. The combined effect of having a subsonic core flow surrounded by an annular supersonic flow results in a relatively higher acoustic impedance, which manifests a rapid reduction in the acoustic energy over all frequencies and shallow angle observers. Sound intensities continue to remain relatively low until NPR 30, and so, there is little indication of FSS → RSS transition at shallow angles to the nozzle. Figure 11 shows the exiting flow to remain attached to the nozzle wall between NPRs 30 and 33.5; the third annular separation bubble has been pushed out of the nozzle by NPR 30. Thus, the high-frequency bursts of energy beginning at NPR 30 are indicative of the effect on the downstream plume of the various separated/reattached flows and annular separation bubbles being pushed out of the nozzle.
Unlike the shallow angle observer, the sideline observer is shown in Fig. 13b to be sensitive to the FSS → RSS transition, as identified by a reduction in low-frequency energy starting around NPR 26. This value is higher than the transition NPR (24.4) invoked from the wall pressure profiles; the subtle time delay is caused by the finite amount of time that it takes for the plume to adjust to the FSS → RSS transition, as well as the time required for the new acoustic signature to reach the microphone. Furthermore, the NPR at which transition occurs can slightly change during each individual startup [23] . In view of the acoustic signature registered at side angles from the TIC nozzle in Fig. 12b , the FSS state appears to be quite similar amongst the nozzles. As the TOP nozzle continues to increase in NPR, the spectral energy begins to grow and remains relatively broadband. The feedback loop, that is required to reinforce screech, has not been allowed to develop. Likewise, fixed operations of the nozzle are shown here to underpredict OASPLs by up to 7 dB around FSS → RSS transition, further demonstrating the differences between steady and transient operations of the nozzle and the acoustic signature that is affected. It is plausible that this has to do with the time delay (relative to the ramp rate) that it takes for the acoustic signature, produced by the new flow, to reach the far-field observer, as well as differences in NPR when FSS → RSS transition occurs between fast and slow startup rates of the nozzle.
V. Conclusions
Surveys of the static wall pressure and far-field acoustics of higharea-ratio nozzles operating in both FSS and RSS flow states were studied during steady and transient operations. The sound produced by the FSS flow during steady operations exhibited features associated with broadband shock noise and turbulent mixing noise, which is typical of jet flows operating at off-design conditions in which shocks are present in the near-nozzle region of the jet. The RSS flow, when operated under identical nozzle pressure ratios, was found to possess a relatively broader envelop of frequencies over all observer angles, with little evidence of both turbulent mixing noise and broadband shock noise. OASPLs were also much lower for the RSS flow than for the FSS flow and were attributed to the relatively higher acoustic impedance of the RSS flow due to the large subsonic core region that forms aft of the Mach disk. A distinct tone was observed at higher NPRs and was attributed to either screech or transonic resonance.
Acoustic signatures, obtained during transient startups of the nozzles, were then scrutinized by way of wavelet analysis, which allowed the spectral content of the waveforms to be viewed as a function of time. The TIC nozzle flow exhibited a relatively smooth increase in broadband acoustic energy with no discernible tones; albeit, the broadband shock associated noise that was observed during steady operations was still present at higher NPRs during the transient episode. As for the TOP nozzle, which comprised a slightly larger divergence angle and was capable of producing both FSS and RSS flows, the transient signal was found to be drastically different. At low NPRs and while still operating in a FSS state, an abrupt drop in far-field acoustic energy was observed. RANS calculations of the internal flow, coupled with the static wall pressure measurements, showed how this shift was attributed to the change in the internal nozzle flow as it advanced from a circular supersonic flow to an annular supersonic flow surrounding an open-ended subsonic core.
The change in the acoustic signal during the FSS → RSS transition was not as drastic as one had initially anticipated and was primarily revealed by a drop in lower-frequency energy at sideline observer angles relative to the jet axis. The feedback loop required to reinforce screech or transonic resonance was not able to form during this startup process. 
